We have studied the electronic structure and chargecarrier dynamics of individual single-wall carbon nanotubes (SWNTs) and nanotube ropes using optical and electronspectroscopic techniques. The electronic structure of semiconducting SWNTs in the band-gap region is analyzed using nearinfrared absorption spectroscopy. A semi-empirical expression for E S 11 transition energies, based on tight-binding calculations is found to give striking agreement with experimental data. Time-resolved PL from dispersed SWNT-micelles shows a decay with a time constant of about 15 ps. Using time-resolved photoemission we also find that the electron-phonon (e-ph) coupling in metallic tubes is characterized by a very small e-ph mass-enhancement of 0.0004. Ultrafast electron-electron scattering of photo-excited carriers in nanotube ropes is finally found to lead to internal thermalization of the electronic system within about 200 fs.
Introduction
The electronic properties of single-wall carbon nanotubes (SWNTs) and specifically of semiconducting SWNTs hold promise for application in a variety of optical devices such as light-emitting-[1] and photo-sensitive diodes [2] , for nonlinear optical-or light harvesting materials and more. The electronic structure and the dynamics of optically excited states in SWNTs naturally plays a decisive role for the operation of such devices. In particular the scattering times of photoexcited carriers with electrons, phonons, and defects as well as the competition of radiative with nonradiative decay processes are of great interest for a better understanding of electronic transport phenomena in optical devices [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Here, we make use of the recent development of techniques for the separation of SWNTs from nanotube-ropes which provides the basis for a detailed investigation of optical properties and excitations in individual SWNTs using nearinfrared (NIR) absorption spectroscopy or spectrofluorimetric techniques [15, 16] . These advances also allow the addressing of questions of fundamental interest such as the character u E-mail: hertel@fhi-berlin.mpg.de of optical excitations in systems with reduced dimensionality. Binding energies of Wannier-type excitons, for example, are predicted to depend strongly on the dimensionality, and the lowest state is expected to diverge towards infinite binding energy as the system becomes truly one-dimensional [17, 18] . It has previously been speculated that some optical transitions in individual SWNTs are excitonic, but so far, the reported evidence is not conclusive. Here, we will discuss the character of optical excitations in individual SWNTs in further detail. The corresponding transition energies are analyzed using tight-binding (TB) calculations which show that the observed variation of transition energies with tube diameter and chirality can be identified by variations in the TB band-gaps. The decay of optically excited states is determined by the competition of non-radiative and radiative decay processes. These are investigated experimentally using picosecond time-resolved photoluminescence (PL) spectroscopy.
We have also studied carrier dynamics in SWNT ropes using femtosecond time-resolved photoemission. A detailed analysis of these experiments allows the determination of characteristic timescales of fundamental scattering processes such as electron-electron (e-e) or electron-phonon (e-ph) scattering. We found that e-e interactions in bundles of SWNTs give rise to e-e scattering times which strongly increase as the carrier energy approaches the Fermi level. The internal thermalization of the photo-excited electron gas is facilitated by the e-e scattering processes and is characterized by a time constant of 200 fs. The electron-phonon (e-ph) coupling in metallic tubes was finally found to be extraordinarily weak, with a mass enhancement of only 0.0004. The latter suggests that room temperature e-ph scattering times are of the order of 15 ps. These results are discussed with respect to the influence of radiative and non-radiative decay processes on the carrier dynamics in individual tubes and tube ropes.
Experimental
Ultraviolet to visible to near-infrared (UV-VIS-NIR) absorption spectra and time-resolved PL studies were obtained from samples synthesized by the high pressure CO decomposition technique [19] . So called HiPCO material has been purchased from CNI Houston. For absorption experiments, individual SWNTs were isolated from HiPCO 1138 Applied Physics A -Materials Science & Processing material in sodiumdodecylsulfate (SDS) micelles by the technique described in [15] . At wavelengths above 1350 nm the well resolved spectrum from micelles in H 2 O was extended by results from measurements in deuterated water D 2 O. For PL measurements the samples were dispersed using sodium cholate. SWNT-micells were excited at 795 nm using the 80 fs pulses from an 82 MHz Tsunami Ti:Sapphire oscillator with an averaged output power of 300 mW. The beam waist diameter inside the 2 mm long quartz cuvette was about 0.5 mm. This kept pulse fluences below 10 13 photons per cm 2 . Photoluminescence was detected by a Hamamatsu streak camera with a S1-IR-enhanced photocathode operating in synchroscan mode, whereas spectral selection is provided by a 0.25 m imaging-monochromator integrated into the detection system. By employing the single-photon-counting mode of the streak-camera, ultra-sensitive detection within the whole VIS-1300 nm spectral range was possible. The overall temporal resolution as estimated from the system response to non-resonantly scattered incident light is about 10 ps.
Time-resolved photoemission experiments were performed with samples consisting of purified nanotube ropes that were produced by the laser vaporization technique (tubes@rice). A Ti:sapphire laser pumped optical parametric amplifier (Coherent) generates tunable femtosecond pulses with wavelengths between 470 nm and 730 nm. Fundamental and second harmonic beams generated from the OPA output are used as visible pump and UV probe respectively. The fluence for the visible pump and UV probe beams is typically 50 µJ cm −2 and 5 µJ cm −2 , respectively, which corresponds to a pump power of 10 9 W cm −2 . For more details see ref.
[7].
Results and discussion
In Fig. 1 we compare the absorption spectrum from colloidal graphite with spectra from SWNT-ropes as well as from individual SWNT-micelles in aqueous solution. The optical density of colloidal graphite increases continuously from the near infrared to the UV range due to the logarithmic singularity in the joint density of states near 5 eV for excitation of free carriers from π to π * bands [20, 21] . The optical density in SWNT ropes follows a similar general trend as seen for graphite illustrating the intimate relationship of the electronic structure of these two materials. However, the middle spectrum in Fig. 1 from SWNT ropes also exhibits some pronounced fine structure on top of the continuously rising background. These features can be attributed to optical transitions between different sub-bands of semiconducting and metallic SWNTs in the suspension. For tubes with a diameter of approximately 1 nm, absorption features in the range from 0.8 eV to 1.3 eV and features in-between about 1.4 eV and 2.5 eV are associated with E S 11 and E S 22 transitions between the first and second π sub-bands in semi-conducting tubes, respectively. Broad and not clearly resolved features between approximately 2.0 eV to 3.5 eV, are due to E M 11 transitions between the first sub-bands in metallic tubes. The nomenclature used here for optical transitions is E X kl , where k and l refer to the valence and conduction sub-band index, respectively, and X = S, M refers to transitions in semiconducting or metallic tubes, respectively. Transitions with k = l are dipole-allowed for light polarized parallel to the tube axis [22] . transitions are broad both in the separated and crystalline phase which suggests that intratube relaxation from higher energy states provides an efficient decay channel for tubes in all environments. In the following we will begin the discussion with a detailed analysis of E S 11 transitions within the first absorption cluster.
3.1
Analysis of absorption spectra from SWNT-micelles
In Fig. 2 we have plotted a background corrected absorption spectrum with well-resolved spectral features in the range of the first absorption cluster. To analyze the optical transitions in this energy range in further detail we performed a multi-peak fit with a maximum of 24 independent Voigt profiles. The resulting fit is shown in Fig. 2a as a thin line superimposed on the experimental data (dots). The excellent agreement between fit and experiment can be appreciated from the nearly vanishing residuals in the upper part of Fig. 2a . Due to the excellent signal to noise ratio, errors of peak positions are on average only about 1 meV. The experimental peak energies obtained here can be found in Table 1 together with transitions obtained from PL measurements [16] . The distribution of peak widths with its mean at 25 meV is shown in Fig. 2b . The contribution of Gaussian and Lorentzian components to the Voigt profiles is about equal. Similar average widths of 23 meV and 25 meV were also recently observed for band-gap PL from single SWNTs dispersed on a surface or SWNT micelle ensembles in solution, respectively [16, 23] .
A comparison of peak positions obtained here with those reported by Bachilo et al. for PL measurements from SWNTmicelles dispersed in D 2 O [16] yields extraordinary agreement if a 3 meV blue-shift of the fluorometric data is accounted for. The previously observed redshift of lumines-
